Environmental carcinogens, in a strict sense, include outdoor and indoor air pollutants, as well as soil and drinking water contaminants. An increased risk of mesothelioma has consistently been detected among individuals experiencing residential exposure to asbestos, while results for lung cancer are less consistent. Several good-quality studies have investigated lung cancer risk from outdoor air pollution based on measurement of specific agents. Their results tend to show an increased risk in the categories at highest exposure, with relative risks in the range 1.5. A causal association has been established between exposure to environmental tobacco smoke and lung cancer, with a relative risk in the order of 1.2. Radon is another carcinogen present in indoor air, with a relative risk in the order of 1.06 for exposure at 100 Bq/m 3 . In several Asian populations, an increased risk of lung cancer results among women from indoor pollution from cooking and heating. There is strong evidence of an increased risk of bladder, skin and lung cancers following consumption of water with high arsenic contamination; results for other drinking water contaminants, including chlorination by-products, are inconclusive. A total of 29 occupational agents are established human carcinogens, and another 30 agents are suspected carcinogens. In addition, at least 12 exposure circumstances entail exposure to carcinogens. Exposure is still widespread for many important occupational carcinogens, such as asbestos, coal tar, arsenic and silica, in particular in developing countries. Although estimates of the global burden of occupational and environmental cancer result in figures in the order of 2% and less than 1%, respectively, these cancers concentrate in subgroups of the population; furthermore, exposure is involuntary and can, to a large extent, be avoided.
Introduction
The concept of environment is often used with a broad scope in the medical literature, including all nongenetic factors such as diet, lifestyle and infectious agents. In this broad sense, the environment is implicated in the causation of the majority of human cancers (Tomatis et al., 1990) . In a more specific sense, however, environmental factors include only the (natural or man-made) agents encountered by humans in their daily life, upon which they have no or limited personal control. The most important 'environmental' exposures, defined in this strict sense, include outdoor and indoor air pollution and soil and drinking water contamination. Most environmental carcinogens occur at higher concentrations in the workplace: since the report of scrotal cancer among chimney sweeps by Pott (1775) , occupational cancer research has played a pivotal role in the elucidation of environmental causes of human cancer. Furthermore, control of occupational exposure circumstances has proven to be feasible and effective as compared to other cancer preventive measures.
In the following sections the evidence linking exposure to selected environmental factors and risk of cancer will be reviewed, followed by a summary of current knowledge on occupational carcinogens. Agents whose exposure depends on lifestyle, such as solar radiation and food additives, will not be considered, nor agents occurring in the environment as a consequence of accidents or warfare.
Environmental cancer
Cancer risk from environmental exposure to asbestos Asbestos and asbestiform fibres are naturally occurring fibrous silicates with an important commercial use, mainly in acoustical and thermal insulation. They can be divided into two groups: chrysotile and the group of amphiboles, including amosite, crocidolite, anthophyllite, actinolite and tremolite fibres. Chrysotile is the most widely used type of asbestos. Although all types are carcinogenic to the lung and mesothelioma, the biological effects of amphiboles on the pleura and peritoneum seem to be stronger than those of chrysotile (INSERM, 1997) . The use of asbestos has been restricted or banned in many countries.
In contrast to the many epidemiological studies available on asbestos-exposed workers, there are few studies on the health effects of nonoccupational (household and residential) exposure to asbestos. One type of household exposure concerns cohabitants of asbestos workers and arises from dust brought home on clothes. Other household sources of asbestos exposure are represented by the installation, degradation, removal and repair of asbestos-containing products. Residential exposure mainly results from outdoor pollution related to asbestos mining or manufacturing, in addition to natural exposure from the erosion of asbestos or asbestiform rocks. The assessment of nonoccupational exposure to asbestos presents difficulties, since levels are generally low, and the duration and frequency of exposure and the type of fibre are seldom known with precision. Table 1 summarizes the results of studies on risk of pleural mesothelioma and lung cancer from environmental (residential) exposure to asbestos. Studies were available from various countries and, in most cases, exposure was defined as residence near a mine or another major source of asbestos exposure. A potential limitation of these studies, in particular those without assessments of exposure at the individual level ('ecological' studies), is possible concomitant occupational or household exposure to asbestos. The risk of mesothelioma was greatly increased in all but one study among individuals with environmental exposure to asbestos. Results for lung cancer, however, are less consistent, with an increased risk detected in studies from South Africa and China, but not in studies from Europe and North America. Imperfect control of confounding by smoking and other lung carcinogens may explain the lack of consistency.
Cancer risk from outdoor air pollution
Air pollution is a complex mixture of different gaseous and particulate components, whose composition varies greatly by locality and time. In recent decades, emissions and air concentrations of traditional industrial air pollutants, such as SO 2 and smoke particles, have decreased, whereas there is an increasing or continued problem with air pollution from vehicles, with emissions of engine combustion products including volatile organic compounds, nitrogen oxides and fine particulates, as well as with secondarily increased ozone levels. There is biological rationale for a carcinogenic potential of numerous components of the air pollution mix, including benzo[a]pyrene, benzene, some metals, particles (especially fine particles) and possibly ozone.
Many definitions of outdoor air pollution exposure have been used in epidemiological studies. Earlier analytical studies generally compared residence in urban areas, where the air is considered more polluted, to residence in rural areas, sometimes providing limited data on the typical levels of some pollutants in the areas studied. Other studies have attempted to address exposure to specific components of outdoor air, providing risk estimates in relation to quantitative or semiquantitative air pollution exposure assessments (Hitosugi, 1968; Vena, 1982; Brownson et al., 1987; Jedrychowski et al., 1990; Katsouyanni et al., 1991; Mills et al., 1991; Jo¨ckel et al., 1992; Dockery et al., 1993 Biggeri et al., 1996; Pawlega et al., 1997; Abbey et al., 1999) or, in some cases, to more qualitative exposure assessments (Pike et al., 1979; Xu et al., 1989) . Another type of study has addressed residence in the proximity of specific sources of pollution, such as major industrial emission sources or heavy road traffic.
Several cohort and case-control studies of outdoor air pollution have been reported (Stocks and Campbell, 1955; Hammond and Horn, 1958a/b; Haenszel et al., 1962; Haenszel and Taeuber, 1964; Dean, 1966; Hitosugi, 1968; Hammond, 1972; Cederlo¨f et al., 1975; Dean et al., 1977 Dean et al., , 1978 Pike et al., 1979; Hammond and Garfinkel, 1980; Doll and Peto, 1981; Vena, 1982; Tenkanen et al., 1985; Brownson et al., 1987; Samet et al., 1987; Tenkanen and Teppo, 1987; Xu et al., 1989; Jedrychowski et al., 1990; Holowaty et al., 1991; Katsouyanni et al., 1991; Mills et al., 1991; Jo¨ckel et al., 1992; Dockery et al., 1993; Tenkanen, 1993; Barbone et al., 1995; Pope et al., 1995; Zaridze et al., 1995; Biggeri et al., 1996; Engholm et al., 1996; Pawlega et al., 1997; Beeson et al., 1998; Abbey et al., 1999; McDonnell et al., 2000; Nyberg et al., 2000; Hoek et al., 2002; Pope et al., 2002) . Overall, the studies suggest relative risks (RRs) of up to about 1.5 for urban vs rural residence or high vs low estimated air pollution exposure. There is no clear indication if early or late exposure is more important, and data on possible interaction with smoking or occupational exposures are inadequate. Among these studies, four cohort (Mills et al., 1991; Dockery et al., 1993; Pope et al., 1995 Pope et al., , 2002 Abbey et al., 1999; McDonnell et al., 2000; Hoek et al., 2002) and 10 casecontrol (Hitosugi, 1968; Vena, 1982; Brownson et al., 1987; Jedrychowski et al., 1990; Katsouyanni et al., 1991; Jo¨ckel et al., 1992; Barbone et al., 1995; Zaridze et al., 1995; Pawlega et al., 1997; Nyberg et al., 2000) studies were based on measurements of specific air components. Selected results from these studies, with the corresponding air pollution differentials, are presented in Table 2 : they tend to show an increased risk of lung cancer in the categories at highest exposure, which does not seem to be attributable to confounding factors. The studies of lung cancer and air pollution, however, suffer exposure misclassification, including dilution of the sufficiently exposed population by a considerable number of minimally exposed persons.
To pinpoint possible industrial emissions responsible for the suggested urban excess, populations living near point sources of air pollution have also been studied. Increased risks have been reported for living close to industries such as smelters, foundries, chemical industries, and others with various emissions (Lloyd, 1978; Shear et al., 1980; Gailey and Lloyd, 1983; Lloyd et al., 1985a Lloyd et al., /b, 1986 Gailey and Lloyd, 1986; Smith et al., 1987; Williams and Lloyd, 1988; Xu et al., 1989; Barbone et al., 1995; Zaridze et al., 1995; Ko et al., 1997; Bhopal et al., 1998; Petrauskaite et al., 2002) . Results of these studies were inconsistent, and confidence intervals of risk estimates were mostly wide.
A number of studies concern sources of inorganic arsenic in air. Ecological studies suggested an increased lung cancer risk (Blot and Fraumeni, 1975; Newman et al., 1976; Pershagen et al., 1977; Matanoski et al., 1981; Cordier et al., 1983; Xiao and Xu, 1985) , which was confirmed by some (Brown et al., 1984; Pershagen, 1985; Frost et al., 1987) but not all (Lyon et al., 1977; Greaves et al., 1981; Rom et al., 1982; Marsh et al., 1997 Marsh et al., , 1998 ) subsequent studies with individual information on exposure: arsenic exposure level in some of these studies, however, was likely to be low.
Limited results are available for cancers other than the lung. In ecological studies, many individual cancers have shown elevated urban/rural ratios, including cancers of the mouth and throat, nasopharynx, oesophagus, stomach, colon, rectum, larynx, female breast, bladder and prostate (Levin et al., 1960; Goldsmith, 1980) . Residual confounding by smoking or occupational exposures may be involved. Other ecological studies have related cancer rates to air pollutant measurements, or emission indexes or figures for fuel consumption. For example, an ecological study in 19 European countries found an inverse temporal association between gasoline use and leukaemia mortality or morbidity, but a weak positive spatial association (Swaen and Slangen, 1995) .
Overall, the evidence for an increased lung cancer risk from outdoor air pollution is quite strong, although methodological problems in the available studies caution against a final conclusion, while the evidence concerning cancers other than lung cancer, including childhood cancer, is not consistent, and is insufficient to draw any conclusion on the presence or absence of a causal association.
Cancer risk from exposure to environmental tobacco smoke
Environmental tobacco smoke is composed of sidestream and mainstream smoke, in which known, probable or possible human carcinogens are present. The International Agency for Research on Cancer (IARC) has evaluated the evidence of a carcinogenic risk from exposure to environmental tobacco smoke, and has classified it as an established human carcinogen (IARC, 2004) . Confounding by dietary, occupational and social class-related factors can be reasonably excluded, and bias from misclassification of smokers is not likely to explain the results. On that occasion, a meta-analysis of epidemiological studies of lung cancer and adult exposure to environmental tobacco smoke was conducted, resulting in RRs of 1.22 (95% CI 1.12-1.32) in women and 1.36 (95% CI 1.02-1.82) in men from spousal exposure, and of 1.15 (95% CI 1.05-1.26) in women and 1.28 (95% CI 0.88-1.84) in men from workplace exposure. Other meta-analyses have reached very similar conclusions (Hackshaw et al., 1997; Boffetta, 2002) .
The evidence of a causal association between environmental tobacco smoke exposure and cancers in organs other than the lung is inconclusive (IARC, 2004) .
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The carcinogenicity of radon decay products has been widely studied in occupationally exposed populations, in particular underground miners (see below). This agent causes lung cancer in humans, while the evidence for an effect on other neoplasms is not conclusive (IARC, 2001) . Although exposure levels in the houses are much smaller than in underground mines, the duration of exposure and the number of exposed individuals stress the importance of residence as a source of exposure to radon decay products. Several case-control studies of lung cancer from residential radon exposure have been reported in the literature, and their results have been reviewed and summarized (Lubin and Boice, 1997; Darby et al., 2001; IARC, 2001) . A pooled RR of 1.06 (95% CI 1.01-1.10) has been calculated for individuals exposed at 100 Bq/m 3 vs unexposed (Darby et al., 2001) , which is in agreement with the extrapolation from the results of occupationally exposed populations. Results of studies reported after these pooled analyses confirm these conclusions (Pisa et al., 2001; Tomasek et al., 2001; Barros-Dios et al., 2002; Wang et al., 2002) .
Most studies of residential radon rely on the historical reconstruction of exposure levels via household measurements. This approach is subject to substantial misclassification, most likely resulting in an underestimate of the risk. In a few studies, attempts were made to correct such biases, and the estimated RR increased by about 50% (Lagarde et al., 1997; Darby et al., 1998) . Furthermore, in one study, in which cumulative radon exposure was estimated from surface monitors rather than measurement in houses, the RR was higher (1.63, 95% CI 1.07-2.93 for exposure at 100 Bq/m 3 ) (Alavanja et al., 1999) .
Cancer risk from other sources of indoor air pollution
Based on the observation of very high lung cancer rates in some regions of China and elsewhere among women who spend much of their time at home, exposure to indoor air pollution from combustion sources used for heating and cooking, as well as high levels of cooking oil vapours resulting from some cooking methods, have been identified as risk factors for lung cancer. Three main groups of factors influencing indoor air pollution ('smokiness') have been studied: (i) heating fuel: type of fuel, type of stove or central heating, ventilation, living area, subjective smokiness; (ii) cooking fuel: type of fuel, type of stove or open pit, ventilation of kitchen, location of cooking area in residence, frequency of cooking, smokiness; and (iii) fumes from frying oils: type of oil, frequency of frying, eye irritation when cooking. Many of the results are inconclusive, and the interpretation is difficult since the exposure measures used vary considerably. Nonetheless, strong and significant increases in risk have repeatedly been reported and merit consideration (Gao et al., 1987; Xu et al., 1989 Xu et al., , 1991 Xu et al., , 1996 Sobue, 1990; Wu-Williams et al., 1990; He et al., 1991; Lan et al., 1993 Lan et al., , 2002 Liu et al., 1993; Dai et al., 1996; Du et al., 1996; Koo and Ho, 1996; Wang et al., 1996; Ko et al., 1997; Zhong et al., 1999) . If it appears plausible that indoor air pollution from combustion or cooking products (oil vapours in particular) could play a role in the causation of lung cancer, the relevance of the risks estimated in China for present-day conditions in other countries is questionable. Frying is less common in most other countries than in China, and kitchens are often generally larger, better ventilated and separated from the living quarters. Central heating is increasingly common, and open combustion sources indoors are infrequent.
Cancer risk from inorganic arsenic in drinking water
Inorganic arsenic causes cancer at various sites in humans (IARC, 1987) . The main source of environmental exposure to arsenic for the general population is through ingestion of contaminated water. A high level of arsenic in groundwater (up to 2-5000 mg/l) is found in many regions of the world, most significantly around the Gulf of Bengal, in South America and in Taiwan. There is strong evidence of an increased risk of bladder, skin and lung cancers following consumption of water with high arsenic contamination (IARC, 2004) . The evidence for an increased risk of other cancers, such as those of the liver, colon and kidney, are weaker but suggestive of a systemic effect. Most of the available studies have been conducted in areas at elevated arsenic content (typically above 200 mg/l). The results of studies of bladder cancer conducted in areas with low or intermediate contamination are suggestive of a possible increased risk (Bates et al., 1995; Kurttio et al., 1999) .
Cancer risk from water chlorination by-products
Drinking water may contain a variety of potentially carcinogenic agents, including chlorination by-products, resulting from the interaction of chlorine with organic chemicals (IARC, 1991) . Showering, bathing and drinking represent the main sources of exposure to chlorination by-products. Among the many halogenated compounds that may be formed, trihalomethanes, including chloroform, bromodichloromethane, chlorodibromomethane and bromoform, are those most commonly found. Their concentrations of trihalomethanes show a wide range, mainly due to the occurrence of water contamination by organic chemicals.
A meta-analysis of seven studies of bladder cancer risk from consumption of chlorinated water resulted in a RR of 1.21 (95% CI 1.09-1.34) (Morris et al., 1992) . This estimate was not modified after adjusting for smoking. A dose-response relationship was suggested in three studies (Cantor et al., 1987; McGeehin et al., 1993; King and Marrett, 1996) . Results based on estimated intake of trihalomethanes and on other disinfection byproducts are too sparse to allow a conclusion.
Despite the good consistency of the available studies on bladder cancer, the uncertainties in exposure assessment and possible residual confounding caution against the conclusion that a causal link has been established Environmental and occupational cancer P Boffetta between consumption of chlorinated drinking water and increased risk of bladder cancer (Cantor, 1997) . The evidence for an association between chlorination byproducts and cancers in organs other than the bladder is inconclusive (Cantor, 1997) .
Occupational cancer
A total of 29 occupational and environmental agents, groups of agents and mixtures have been classified as carcinogenic by IARC (1972 IARC ( -2004 , as well as 12 exposure circumstances (Table 3) . While some (e.g. mustard gas) represent today a historic curiosity, exposure is still widespread for carcinogens such as asbestos, coal tar, arsenic and silica. Estimates of the global burden of occupational cancer result in figures in the order of 2-4% (Doll and Peto, 1981; Peto, 2001 ). It should be stressed, however, that these cancers concentrate among exposed subjects (mainly male blue-collar workers), among whom they may represent up to 20% of total cancers (Boffetta et al., 1995) . Furthermore, unlike lifestyle factors, exposure is involuntary and can be, to a large extent, avoided. In fact, reduction of exposure to occupational carcinogens has taken place in industrialized countries during recent decades. Efforts should be made to avoid exposure also in developing countries. Some of the most important known or suspected occupational carcinogens are reviewed in detail below.
Asbestos
Asbestos is an important occupational lung carcinogen, first documented following inhalation of asbestos fibres in the 1950s (Hughes and Weil, 1994) . All different forms of asbestos -chrysotile and amphiboles, including crocidolite, amosite and tremolite -are carcinogenic to humans, causing mesothelioma and lung cancer, although the potency of chrysotile might be lower than that of other types, in particular with respect to mesothelioma risk (IPCS (International Programme on Chemical Safety), 1998). Studies of cancer risk from asbestos exposure have been conducted among miners, manufacturers (asbestos-cement, textile, friction materials) and applicators. The interpretation of the results of these studies is complicated by several factors: (i) dose, geological type of fibres and industry are all important determinants of risk and are strictly correlated; (ii) the biologically relevant exposures occurred 20 or more years before appearance of the disease, and their quantitative assessment is imprecise; (iii) the role of potential confounders, in particular tobacco smoking, can hardly be evaluated. In general, the risk of lung cancer is smaller in studies of miners and friction product manufacturers, is intermediate in studies of asbestos cement and asbestos product manufacturers, and is highest in studies of asbestos textile workers. This might reflect a stronger carcinogenic effect of individual, long and thin fibres, as those occurring in the textile industry, as compared to grouped, short and coarse fibres, as those occurring in mining.
Tobacco smoking is the main cause of lung cancer, and this applies also to cohorts of asbestos exposed workers. Despite the limitations of the available studies, which limit the precision of the estimate of the combined effect of the two carcinogens, the relative risk of Environmental and occupational cancer P Boffetta asbestos exposure seems to be higher among nonsmokers than among smokers (Liddell, 2001 ). This suggests less than multiplicative interaction, which is consistent with a mechanism of carcinogenesis in which the two agents act -at least in part -on the same stages of the process of cancer development.
Heavy metals
Exposure to inorganic arsenic, known as a carcinogen since the late 1960s, occurs mainly among workers employed in hot smelting; other groups at increased risk are fur handlers, manufacturers of sheep-dip compounds and pesticides, and vineyard workers (IARC, 1987; Hayes, 1997) . Workers exposed to arsenic suffer from an increased risk of cancer of the lung, skin, and possibly urinary bladder and liver. Chromium [VI] compounds increase the risk for lung and sinonasal cancer among chromate production workers, chromate pigment manufacturers, chromium platers and ferrochromium producers (IARC, 1990a; Hayes, 1997) . No such risk has been detected among workers exposed only to chromium [III] compounds (IARC, 1990a) .
Studies of nickel miners, smelters, electrolysis workers and high-nickel alloy manufacturers showed an increased risk of lung and sinonasal cancer (IARC, 1990b; Hayes, 1997) . There is debate on whether all nickel compounds are carcinogenic for humans: the available evidence does not allow a clear separation between different nickel salts to which workers are exposed. An increased risk of lung cancer has been demonstrated among workers in cadmium-based battery manufacture, copper-cadmium alloy workers and cadmium smelters and recovery workers (IARC, 1993; Hayes, 1997) .
Silica and other mineral dusts
An increased risk of lung cancer has been consistently reported in cohorts of silicotic patients (IARC, 1997; Steenland and Stayner, 1997) . Many authors investigated crystalline silica-exposed workers in foundries, pottery, ceramics, diatomaceous earth mining, brick making and stone cutting, some of whom might have developed silicosis. An increased risk of lung cancer was reported by some, but not all studies, and in the positive studies the increase has been small (IARC, 1997; Steenland and Stayner, 1997) . Detailed dose-response analyses have suggested a linear relationship, with no evidence of a threshold (Steenland et al., 2001) . There is inadequate evidence of a carcinogenic effect of exposure to noncrystalline forms of silica (IARC, 1997).
Polycyclic aromatic hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are a complex and important group of chemicals formed during incomplete combustion of organic material. They are widespread in the human environment; diet and tobacco smoke are two important sources of exposure of PAHs. A number of occupational settings entail exposure to high level of PAHs. These chemicals, however, occur inevitably as complex mixtures of variable composition: an assessment of the risk from individual PAHs is therefore impossible. An increased risk of lung cancer has been demonstrated in several industries and occupations entailing exposure to PAHs such as aluminium production, coal gasification, coke production, iron and steel founding, tar distillation, roofing and chimney sweeping (Boffetta et al., 1997) . An increase has also been suggested in a few other industries, including shale oil extraction, wood impregnation, road paving, carbon black production and carbon electrode manufacture with an exposure-response relationship in the studies with detailed exposure information. Other cancers that have been definitely associated with occupational exposure to PAHs are those from the skin, in particular for coal-tar pitches, coal-tars and untreated mineral oils, and the urinary bladder, in particular following exposure to coal-tar pitches and in aluminium and coal gasification workers (Boffetta et al., 1997) .
Motor vehicle and other engine exhausts represent an important group of mixtures of PAHs, since they contribute significantly to air pollution. The available epidemiological evidence strongly suggests 40-50% excess of lung cancer among those occupationally exposed to diesel engine exhaust (Lipsett and Campleman, 1999) . The evidence for other cancers is inadequate. Data on other types of exhausts, including gasoline engines, do not allow any conclusions (IARC, 1989) .
Strongly reactive chemicals
Occupational exposure to several strongly reactive chemicals has been shown to cause cancer in humans. Workers exposed to chloromethyl methyl ether and bis(chloromethyl) ether are at increased risk of lung cancer, in particular of small cell type (IARC, 1987; Blair and Kazerouni, 1997 ). An increased risk of laryngeal cancer has been demonstrated in studies of workers exposed to strong inorganic acids -in particular sulphuric acid -in metal plating, metal treatment, battery manufacture and in the chemical industry (IARC, 1992; Blair and Kazerouni, 1997 ). An increased risk of liver angiosarcoma and possibly other tumours has been reported in studies of workers exposed to vinyl chloride (IARC, 1987) .
Ionizing radiation
Exposure to X-and g-radiation causes leukaemia and solid tumours in humans (IARC, 2000) . Occupational exposure occurs in several circumstances, notably in medical professions and in the nuclear industry. An increased risk of leukaemia, skin cancer and other solid tumours has been described in early studies of radiologists and other medical workers: exposure levels have greatly decreased in recent decades and it is unclear whether a residual risk still exists. Cancer risk among nuclear power plant workers has been extensively studied in several countries: the most accurate estimates ers, 1994) . No clear excess was found for solid tumours. Data on cancer among other workers exposed to X-and g-radiation (e.g. nuclear accident clean-up workers) are also suggestive of an increased risk of leukaemia (IARC, 2000) . Underground miners exposed to radioactive radon and its decay products, which emit a-particles, have been consistently found to be at increased risk for lung cancer (IARC, 2001) . The risk increased with estimated cumulative exposure and decreased with attained age, time since exposure, and time since cessation of exposure (National Research Council, 1999) . The excess RR estimated from occupational cohorts, which included over 2500 cases of lung cancer occurring among over 60 000 miners, has been estimated in the order of 0.0049 per working level month of exposure (Lubin et al., 1995) . Further refinements of this estimates took into account age at exposure and time since first exposure (National Research Council, 1999) , as well as smoking status, with a stronger effect being shown among never-smokers than among smokers. An carcinogenic effect of radon exposure on organs other than the lung is not substantiated.
Other radionuclides to which humans are, or have been, exposed in the workplace include radium-226 (increased risk of osteosarcoma among watch-dial painters) and plutonium-239 (increased risk of lung, liver and bone neoplasms among heavily exposed workers in plutonium production plants) (IARC, 2001 ).
Exposure circumstances
An increased risk of cancer has been demonstrated among workers employed in several jobs and industries (Table 3) . While for some of these exposure circumstances the agents responsible for the excess cancer risk have been identified (e.g. wood dust in furniture making, mixtures of PAHs for aluminium, foundry, coke and coal gasification workers), this has not been possible for others, such as painters and rubber workers, which limits the scope of preventive measures.
Suspected carcinogens
Some 31 occupational agents and three exposure circumstances are classified as probable carcinogens (Table 4) . They include important chemicals such as triand tetrachloroethylene, formaldehyde and butadiene. The reasons for the classification as suspected rather than established carcinogens lay mainly in the inadequacy of the available evidence from epidemiological studies, due to limited statistical power to detect a small excess of rare neoplasms, limitations in the available exposure data and concomitant exposure to other potentially hazardous chemicals.
The example of butadiene, an important occupational agent which under experimental conditions causes leukaemia in mice, is particularly illustrative (IARC, 1998). The most informative cohort study of workers exposed to butadiene was conducted among workers employed in the production of synthetic rubber based on styrene and butadiene (Macaluso et al., 1996; Sathiakumar et al., 1998) . This study showed a clear increased risk of leukaemia, based on 58 deaths, with a dose-response (RRs 1.0 (reference group), 1.5 (95% CI 0.7-3.2) and 1.7 (95% CI 0.8-3.9) in the three categories of increasing butadiene exposure; P-value of test for linear trend 0.03), which was not explained by exposure to styrene or other agents. These results receive a limited support by the only other large cohort study conducted Environmental and occupational cancer P Boffetta among butadiene production workers (Divine and Hartman, 1996) , while no clear excess was present in the remaining, smaller studies (Bond et al., 1992; Cowles et al., 1994; Ward et al., 1996) . Overall, the presence of a causal association between butadiene exposure and occurrence of cancer (leukaemia in particular) in humans is plausible: this conclusion is supported by a single large and very carefully conducted study and is compatible with the results of an additional valid, although less informative, study. The inconsistency in the results of additional studies should be seen in the light of potential limitations, namely limited power, misclassification of leukaemia on death certificates and nondifferential misclassification of exposure.
Conclusions
A number of circumstances of environmental exposure to carcinogens has definitely been linked with an increased risk of cancer in humans. For all of them, it is not possible to quantify with precision the burden of human cancer they cause. It is likely however that in most populations, environmental cancer is responsible for a relatively small proportion of total cancers, in the order of 0.5-1% (Doll and Peto, 1981; Peto, 2001 ). However, this proportion is likely to be higher in populations with special exposure circumstances, such as arsenic contamination of drinking water or proximity to an important source of asbestos exposure. Furthermore, the involuntary nature of the exposure makes its elimination a particularly important target in terms of health equity.
Knowledge on occupational causes of cancer is more advanced than in the case of other groups of carcinogens. However, current understanding of the relationship between occupational exposures and cancer risk is far from complete: for many experimental carcinogens that occur in the workplace, little or no human cancer data are available. Examples of such agents are ceramic fibres, acrylamide, dichloromethane and acetaldehyde: they all cause tumours in experimental animals and no adequate data in exposed humans are available. One should also consider that the relatively low burden of occupational cancer in industrialized countries is the successful result of strict regulations on recognized carcinogens. As in the case of environmental cancer, the facts that exposure is involuntary and can be eliminated give to prevention of occupational cancer a special status among interventions towards cancer control.
